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Abstract When habitat becomes fragmented, populations
of species may become increasingly isolated. In the
absence of habitat corridors, genetic structure may develop
and populations risk reductions in genetic diversity from
increased genetic drift and inbreeding. Deforestation of the
Cerrado biome of Brazil, particularly of the dry forests
within the Parana ˜ River Basin, has incrementally occurred
since the 1970s and increased forest fragmentation within
the region. We performed landscape genetic analyses of
Pfrimer’s parakeet (Pyrrhura pfrimeri), a globally endan-
gered endemic to the region, to determine if forest frag-
mentation patterns were associated with genetic structuring
in this species. We used previously generated satellite
imagery that identiﬁed the locations of Parana ˜ River Basin
forest fragments in 1977, 1993/94, and 2008. Behavioral
data quantifying the afﬁnity of Pfrimer’s parakeet for forest
habitat was used to parameterize empirically derived
landscape conductance surfaces. Though genetic structure
was observed among Pfrimer’s parakeet populations, no
association between genetic and geographic distance was
detected. Likewise, least cost path lengths, circuit theory-
based resistance distances, and a new measure of least cost
path length complexity could not be conclusively associ-
ated with genetic structure patterns. Instead, a new quantity
that encapsulated connection redundancy from the 1977
forest fragmentation data provided the clearest associations
with pairwise genetic differentiation patterns (Jost’s
D: r = 0.72, P = 0.006; FST: r = 0.741, P = 0.001). Our
analyses suggest a 35-year or more lag between defores-
tation and its effect on genetic structure. Because 66 % of
the Parana ˜ River Basin has been deforested since 1977, we
expect that genetic structure will increase substantially
among Pfrimer’s Parakeet populations in the future, espe-
cially if fragmentation continues at its current pace.
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Introduction
Habitat loss can have numerous cascading effects in natural
populations, ranging from changes in ecosystem function
down to changes in individual behavior (Lindenmayer and
Fisher 2006; Noss and Csuti 1997). At the population level,
habitat loss and fragmentation generally result in reduced
population sizes and increased population isolation. These
two repercussions are particularly relevant, as they are
directly related to two important population genetic
parameters: effective population sizes and migration rates
(Lowe et al. 2005; Young et al. 1996). Reductions in
effective population size can exacerbate the effects of
diversity-reducing processes such as genetic drift and
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ﬁtness (Reed and Frankham 2003; Westemeier et al. 1998).
Likewise, increased isolation may limit opportunities for
gene ﬂow and movement and increase the demographic
independence of populations. Appreciable gene ﬂow may
help counteract the effects of genetic drift (Mills and
Allendorf 1996; Van Dongten et al. 1997) and minimize
loss of ﬁtness (Newman and Tallmon 2001). Furthermore,
the physical movement of individuals between populations
may be an important process that minimizes local extinc-
tion risks (Dunham et al. 1997; Reed 2004).
Overthepastseveraldecades,moleculargeneticapproaches
have frequently been used to assess the effects of habitat frag-
mentation on genetic structure and diversity patterns
(Keyghobadi2007).Inmostcases,analyseshavereliedonpre-
speciﬁed population contrasts involving sets of ‘‘fragmented’’
populations and ‘‘unfragmented’’ control habitats. Though a
useful framework, recent conceptual developments and ana-
lytical frameworks from the ﬁeld of landscape genetics (Manel
et al. 2003) promise even more reﬁned insights. Landscape
genetic analyses have evolved to the point where variation in
the distributions of landscape features, as encapsulated in GIS-
basedrastermaps,canbedirectlyexaminedusingcorrelational
orcausalmodeling-basedanalysisframeworks(Cushmanetal.
2006;L e e - Y a we ta l .2009). Thus, the complete continuum of
habitat fragmentation across a landscape may be considered in
analyses and nominally provide much more pertinent infor-
mation about the effects of habitat variation than studies based
on pre-selected groups of populations that qualitatively differ
from one another.
The Cerrado biome of Brazil is a global biodiversity hot-
spot(Myersetal.2000)andisconsideredtherichestsavannah
intheworld(KlinkandMachado2005).Itshistoricalareawas
estimated to be *2 9 10
6 km
2 (Klink and Machado 2005),
but nearly 50 % of this area has been modiﬁed or developed
for human activities (Machado et al. 2004). There are two
primaryclimatesintheCerrado,dryandrainyseasons,andthe
landscape includes a mixture of open grasslands, shrublands,
riparian forests, and deciduous dry forests (Ribeiro et al.
1998). Dry forests are the most threatened tropical forest
formation in the world (Janzen 1988; Sanchez-Azofeifa et al.
2005) and populations of many species associated with this
ecosystem are potentially in decline. One of the most signif-
icant formations ofdry forests in the Cerrado islocated in the
Parana ˜ River Basin in the states of Tocantins and Goia ´s
(Scariot and Sevilha 2005; Fig. 1a), where there has been a
66 % decrease in the dry forest area since 1977 (Bianchi and
Haig 2012; Fig. 1b–d). Across Brazil, only 3.9 % of the dry
forests are protected (Espı ´rito-Santo et al. 2008).
Pfrimer’s Parakeet (Pyrrhura pfrimeri) is one of two
endemic parrot species occupying the Cerrado biome in
Brazil. The species is restricted to dry forests and is listed as
Endangered at the global level (Birdlife International 2008)
and Vulnerable at the national level (Ministe ´rio do Meio
Ambiente 2003). Details of the species’ life history in the
wild are unknown, but lifespan is believed to be at least
8 years with an age of ﬁrst reproduction at 2 years of age
(C. Bianchi, personal communication). Habitat loss to
grazing and agriculture is considered the main cause of
potential population declines, which is aggravated by the
species’ strong dependence upon dry forests within the Pa-
rana ˜ RiverBasin(Bianchi2008;BirdlifeInternational 2008;
Olmos et al. 1997; Silva 1997) and its avoidance of non-
forested areas (Bianchi 2010). The severe reduction in dry
forest habitat within the Parana ˜ River Basin suggests that
there may be potential impacts of forest fragmentation on
gene ﬂow and genetic structure within Pfrimer’s Parakeet.
Numerous review papers focusing on landscape genetics
emphasize the importance of the ﬁeld for conservation and
managementefforts(Balkenholetal.2009;Haigetal.2011;
Manel et al. 2003; Storfer et al. 2007). Thus, we used land-
scape genetic concepts and analytical approaches to deter-
mine if forest fragmentation is associated with genetic
structure among Pfrimer’s Parakeet populations. We used
empirically derived landscape resistance surfaces and data
onthelocationsofforestfragmentsfrom1977,1993–94,and
2008 to determine if genetic structure patterns were better
associated with older versus newer fragmentation patterns.
We likewise considered numerous different measures of
habitat connectivity to identify appropriate approaches that
may hold greatest utility in our study system. We initially
applied least-cost path modeling and circuit theory-based
resistance distances as connectivity measures in our analy-
ses. These approaches subsequently served as the basis for
derivingtwonewquantitiesthatencapsulatedleast-costpath
complexity and connection redundancy, which were also
incorporated into our analyses.
Methods
Microsatellite analyses
Weobtainedbloodsamplesfrom104specimensatsixsitesin
the Parana ˜ River Basin (Table 1; Fig. 1)d u r i n gS e p t e m b e r
through December of 2007 and 2008. Birds were trapped
using mist nets, and blood was transported back to the labo-
ratoryincryogenicvialscontainingastoragebuffer(100 mM
Tris–HCl, 100 mM EDTA, 10 mM NaCl, 0.5 % SDS, pH
8.0). DNA extractions were performed as described in Haig
et al. (1994). Multilocus microsatellite genotypes were
obtained for each individual using seven loci previously iso-
lated for the species using an Illumina GAIIx Genome Ana-
lyzer paired-end 80 bp run (Jennings et al. 2011). An eighth
locus (Mmgt105) originally designed for the monk parakeet
(Myiopsittamonachus; Russello etal. 2007)wasalsoapplied.
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123Primer sequences and polymerase chain reaction conditions
are provided in Appendix I in Electronic Supplementary
Material.ProgramGDAversion1.1(LewisandZakyin2002)
was used to test for Hardy–Weinberg disequilibrium and
linkage disequilibrium between pairs of loci. Composite
Hardy–Weinberg test results for each sampling region were
obtained by combining locus-speciﬁc P values using the
Z-transform test (Whitlock 2005). GDA was also used to
quantify genetic diversity patterns within populations based
onobserved(Ho)andexpected(He)heterozygosities,whereas
program HP-Rare (Kalinowski 2005) was used to calculate a
rareﬁed estimate of allelic richness (Ar) that accounted for
sample size differences among locations.
Quantifying genetic structure patterns
Genetic structure was quantiﬁed for the full data set and for
all pairwise combination of populations using Weir and
Cockerham’s (1984) analog of FST as implemented in the
computer program Arlequin ver. 3.5.1.2 (Excofﬁer and
Lischer 2010).To complementthe conventionalF-statistics,
we also calculated global and pairwise estimates of genetic
differentiation (D) between sampling locations using Eq. 13
of Jost (2008) in a short computer program written by MPM
(see Draheim et al. 2010). Jost’s D is unaffected by the level
of diversity at a locus, which can inﬂuence the maximum
value that statistics such as FST or GST can achieve (Hedrick
2005). Ten thousand randomizations were used to evaluate
the signiﬁcance of D and FST values.
Quantifying landscape conductance
Temporal deforestation trends in our study region were
previously illustrated using LANDSAT images that iden-
tiﬁed the locations of dry forest fragments at three time
points: 1977, 1993–1994, and 2008 (Bianchi and Haig
2012). Increased forest fragmentation over time was
readily apparent (Bianchi and Haig 2012; Fig. 1b–d). The
Fig. 1 a Map of Brazil highlighting the location of the Parana ˜ River
Basin. b–d Maps highlighting the locations of six sampling areas
analyzed in this study overlaid upon a temporal series of forest
fragmentation data from 1977, 1993–94, and 2008. The convex
bounding polygon illustrated in b was used to mask out non-essential
habitat data and reduce computer memory requirements for some
analyses. See ‘‘Methods’’ for more information. Forest fragmentation
data are from Bianchi and Haig (2012)
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maps, combined with established information on Pfrimer’s
Parakeet habitat afﬁnities, allowed us to produce empiri-
cally-derived landscape conductance surfaces for use in our
statistical analyses. Based on observational data, Pfrimer’s
Parakeet is most frequently found within forest habitat and
is rarely detected at distances greater than 300 m from the
forest’s edge (Appendix II in Electronic Supplementary
Material; Bianchi 2010). We ﬁt a generalized exponential
decay model to these observations (Appendix II in Elec-
tronic Supplementary Material, and used the resulting
model parameters to quantify landscape cell conductance
(the reciprocal of landscape resistance) as a decreasing
function of the probability of use by Pfrimer’s parakeet at
different distances away from forest stands. More speciﬁ-
cally, new raster maps were generated for each time point
that reﬂected the relative use of habitat by Pfrimer’s Par-
akeets at different distances from forest edges and the
distances of individual raster map cells from the closest
forest fragment. All analyses were performed at the reso-
lution of the original forest maps (100 m pixel sizes;
Bianchi 2010) using the Raster Calculator in ArcMap 9.3.1
(ESRI, Inc. Redlands, CA). The landscape was restricted to
the subsection of the Parana ˜ River basin within the convex
polygon in Fig. 1b to reduce the computer memory
requirements of the raster map in subsequent analyses.
Calculating least-cost path lengths and resistance
distances
Connectivity between sampling locations was initially
quantiﬁed three ways. First, we calculated the matrix of
pairwise geographic distances. Analyses based solely on
Euclidean distances (or the logarithm of Euclidean dis-
tances) ignored habitat quality between locations and only
allowed us to determine if physical distances between
locations inﬂuenced genetic differentiation. These analyses
served as a benchmark for comparison with more reﬁned
measures of connectivity that explicitly incorporated the
landscape conductance surfaces described above: least-cost
path lengths (Douglas 1994) and resistance distances
(McRae 2006; McRae and Beier 2007).
Least-cost paths were calculated for each time period
(Fig. 1) using the Landscape Genetics ArcGIS toolbox
(Etherington 2011). Prior to analysis, conductance values of
map pixels were transformed to resistances using the reci-
procal of each pixel’s conductance. Resistance distances
between sampling locations were calculated for each time
period using program Circuitscape (Shah and McRae 2008).
Analysis options included the ‘‘Connect eight neighbors’’
connection scheme and ‘‘Average conductance’’ connection
calculations. Though both least-cost paths and resistance
distances incorporate information on habitat conditions,
each quantiﬁes fundamentally different attributes (McRae
et al. 2008). Least-cost paths represent a single route that
theoretically represents the optimal path that an organism
would follow when moving between locales. In contrast,
resistance distances integrate information on all pathways
betweenlocations and incorporatethe resistancesassociated
with the myriad routes that could be taken.
The correlation of geographic distances, least cost path
lengths, and resistance distances with pairwise measures of
genetic differentiation (Jost’s D or FST) were determined
usingManteltests(Mantel1967)asimplementedinprogram
zt (Bonnet and Van de Peer 2002). Analyses based on FST
were performed using the quantity FST/(1 - FST) as rec-
ommended by Rousset (1997). Because we generated three
pairwise least-cost path length matrices and three resistance
distance matrices (one matrix of each type for each time
point,Fig. 1),separatetestswereusedtodetermineifgenetic
structure was more highly correlated with fragmentation
patternsatanydate.NotethatPvaluesproducedbyprogram
zt are exact: it enumerates all possible permutations for
matricesofsize12 9 12andsmaller(thereareprecisely720
permutations possible for each 6 9 6 matrix analyzed here;
Bonnet and Van de Peer 2002). This approach differs from
conventional Mantel tests which rely on random selections
of possible matrix permutations.
Table 1 Names and locations of six Pfrimer’s Parakeet populations included in our analyses
Population Name Longitude Latitude Average sample
size over loci
Ar Ho He
1 Taguatinga -46.459 -12.351 8.00 3.13 0.453 0.458
2 Aurora -46.477 -12.665 27.88 3.14 0.392 0.407
3 Arraias -46.759 -12.773 13.50 3.67 0.494 0.508
4 Monte Alegre -46.808 -13.278 30.00 3.31 0.556 0.544
5 Terra Ronca -46.389 -13.525 12.75 3.41 0.542 0.534
6 Posse -46.454 -14.078 9.00 2.96 0.500 0.484
Population numbers (ﬁrst column) correspond to numbers on Fig. 1b. Sample sizes represent the average number of individuals genotyped at
each location for eight microsatellite loci. Actual sample sizes at each locus are listed in Appendix III in Electronic Supplementary Material. Ar,
Ho, and He represent rareﬁed allelic richness, observed heterozygosity, and expected heterozygosity
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redundancy
In our analyses, we observed no associations between
geographic distances and our measures of genetic differ-
entiation (see ‘‘Results’’). However, least cost path lengths
and resistance distances are generally correlated with their
respective geographic distances (McRae and Beier 2007;
Fig. 2). This notion lead us to consider derivatives of least-
cost path lengths and resistance distances that removed the
effects of geographic distance on each variable while still
providing insights about connectivity between sampling
locations. We refer to these quantities as least-cost path
complexity and connection redundancy and describe their
interpretation in more detail below.
Logically, least-cost path lengths cannot be smaller than
their corresponding geographic distances. A least-cost path
length that is similar to its corresponding geographic dis-
tance will approximate a simple straight line (Fig. 2a). In
contrast, a least cost path length that deviates substantially
from its corresponding geographic distance will reﬂect a
meandering, complex path between locations. Therefore,
relative measures of least-cost path complexity can be
obtained by taking the residuals from the regression of
least-cost path length on geographic distance. Negative
residuals reﬂect straighter least cost paths, whereas large
positive residuals reﬂect more complex paths (Fig. 2a).
Note that residuals from the regression of least-cost path
lengths on their respective linear geographic distances form
a pairwise matrix that can be used in Mantel tests.
Resistance distances were used to derive a measure of
connectionredundancybetweensamplinglocations.Aswith
least-cost path lengths, resistance distances are also strongly
inﬂuenced by geographic distances. Assuming a uniform
landscape, the resistance distance between geographically
distant locations will be proportionally greater than the
resistance distance between proximate sites (McRae and
Beier 2007). However, distant sites that can be connected
through numerous routes may have a comparable effective
resistance distance as a pair of geographically proximate
locations joined by only a few pathways (McRae 2006;
McRae et al. 2008). A relative measure of connection
redundancy can therefore be obtained from the residuals of
the regression of resistance distance on geographic distance
(Fig. 2b).Werefertothismeasureofconnectionredundancy
as Rresid. Small negative values of Rresid indicate pairs of
points that have low resistance distances relative to their
geographic separation. More speciﬁcally, negative values
indicate greater connection redundancy. In contrast, pairs of
points that generate large positive values of Rresid indicate
resistance distances that are high relative totheir geographic
separation.Consequently,thesedatapointsindicatelocation
pairs that have relatively less redundancy of the pathways
that connect them. As with our calculation of pairwise least-
cost path complexity matrices, values of Rresid also take the
form of a pairwise distance matrix.
McRae et al. (2008) provided an alternate measure of
connection redundancy based on the ratio of a least-cost
distance and its corresponding resistance distance.
Speciﬁcally,
AB
Fig. 2 Scatterplots illustrating relationships between pairwise geo-
graphic distances and least-cost path lengths (a) or resistance
distances (b). In this example, least-cost paths and resistance
distances were obtained using the 2008 forest fragmentation data.
These relationships were used to derive two alternative measures of
landscape connectivity. Residuals from the regression of least-cost
path length on geographic distance can be used to quantify least-cost
path complexity, whereas residuals from the regression of resistance
distance on geographic distance can be used to quantify connection
redundancy between locations. See ‘‘Methods’’ for more information
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In contrast to Rresid, the RMcRae quantity scales in the
opposite direction such that low values represent sampling
location pairs with low levels of connection redundancy.
When testing for correlations with genetic distances, we
therefore expect to see RMcRae generate negative correlations,
whereas Rresid is expected to generate positive correlations
with genetic distances.
Pairwise measures of path complexity and connection
redundancy (based on Rresid or RMcRae) were obtained for
each of the three time points analyzed in this investigation
(Fig. 1). As with previous analyses described above, the
signiﬁcance of correlations between these quantities and
pairwise measures of genetic differentiation were obtained
using Mantel tests.
Results
We detected between two and 13 alleles across the set of
eight loci examined in this study (Appendix III in Elec-
tronic Supplementary Material). No evidence for devia-
tions from Hardy–Weinberg equilibrium or linkage
disequilibrium between locus pairs was noted after Bon-
ferroni corrections. Estimates of genetic diversity levels
within each population are provided in Table 1.
Our analyses identiﬁed signiﬁcant genetic structure
among populations of Pfrimer’s Parakeets. The overall
value of Jost’s D was moderately high and highly signiﬁ-
cant (D = 0.174, P\0.001). Pairwise values of D ranged
from 0.009 to 0.318 (Table 2), and all were highly signif-
icant (P\0.001) with the exception of the contrast
between Terra Ronca and Posse (populations 5 and 6;
Fig. 1). Similar results were obtained when using FST,
where a global value of FST = 0.140 and a range of pair-
wise values from 0.004 to 0.220 were observed (Table 2).
Considerable variation in the correlations between dif-
ferent connectivity measures and genetic structure patterns
was apparent (Table 3). In general, analyses based on a
speciﬁc connectivity measure approach (geographic dis-
tance, least-cost path length, resistance distance, path com-
plexity, Rresid,o rRMcRae) tended to cluster based on the
magnitudeofthecorrelationcoefﬁcientobservedinanalysis
outcomes. Results of analyses based on either FST or D were
very similar (Table 3). Among the measures examined,
connection redundancy as quantiﬁed by Rresid was most
closelyassociatedwithvariationingeneticstructurepatterns
among sampling locations (Table 3). The pairwise matrices
of Rresid for each time point are provided in Appendix IV in
Electronic Supplementary Material. Though values of
RMcRae produced expected negative correlations, the overall
magnitude of associations was substantially lower. Despite
non-signiﬁcant individual test results, resistance distances
appearedtobemorecloselyassociatedwithgeneticstructure
patterns than either least-cost path lengths or geographic
distances, as predicted by theory (McRae 2006; McRae and
Beier 2007). The highest correlations were identiﬁed when
Rresid as quantiﬁed from the 1977 forest fragmentation data
was used as the connectivity measure (Table 3). In analyses
involving FST, the observed correlation between FST/
(1 - FST) and Rresid (1977) was the single largest value out of
the 720 possible matrix permutations that could be per-
formed on the data. Correlations from 1993–94 and 2008
data were markedly lower than that observed from the 1977
data. Current maps derived from analyses with Circuitscape
and locations of least-cost paths are illustrated in Fig. 3.
Discussion
Connection redundancy
Our analyses identiﬁed signiﬁcant genetic structure among
populations of Pfrimer’s Parakeet (Table 2). Interestingly,
genetic differentiation patterns were not associated with
geographic distances between populations (Table 3).
Instead, our analyses revealed that genetic differences were
most closely associated with a newly derived variable that
quantiﬁed the extent of connectivity redundancy between
locations (Rresid, Table 3). Correlations were substantially
greater for Rresid based on the 1977 forest fragmentation
patterns than for data that reﬂected more contemporary
fragmentation stages (Table 3). Myriad ecological, life
history, and demographic factors can inﬂuence genetic
structure (Loveless and Hamrick 1984; Melnick 1987;
Hamrick and Godt 1996; Bossart and Prowell 1998; Bo-
honak 1999). We consider it remarkable that this single
variable, derived from forest fragmentation data alone, has
such a clear association signal.
Our measure of connectivity redundancy (Rresid) effec-
tively removes the component of resistance distances that
is otherwise accounted for by geographic distance (Fig. 2).
Table 2 Pairwise values of Jost’s D (below diagonal) and FST (above
diagonal) calculated for all pairwise combination of Pfrimer’s Para-
keet populations illustrated in Fig. 1
Population 123456
1 (Taguatinga) – 0.201 0.154 0.213 0.163 0.164
2 (Aurora) 0.241 – 0.086 0.220 0.059 0.079
3 (Arraias) 0.244 0.123 – 0.144 0.056 0.076
4 (Monte Alegre) 0.290 0.318 0.213 – 0.114 0.096
5 (Terra Ronca) 0.274 0.102 0.068 0.174 – 0.004
6 (Posse) 0.220 0.130 0.085 0.119 0.009 –
Values in bold are highly signiﬁcant (P\0.001)
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distances are low relative to their corresponding geo-
graphic distance, and therefore indicate location pairs
where multiple pathways, possibly overlapping, can be
used to traverse the intervening habitat. Sampling location
pair [5,6] is representative of a pair of populations where
there are highly redundant connection pathways between
locations (Figs. 1, 3; Appendix IV in Electronic Supple-
mentary Material). In contrast, low connection redundancy
is indicated by pairs of populations that produce compar-
atively large resistance distances relative to their corre-
sponding geographic distances (Fig. 2). In this case, few
pathways exist between locations and indicate that more
inhospitable habitat occurs in the vicinity. Location pair
[3,4] typiﬁes sampling locations characterized by low
connection redundancy (Figs. 1, 3; Appendix IV in Elec-
tronic Supplementary Material.
Measures that quantify connection redundancy provide
an alternate perspective towards the overall strength of
habitat connections (Rayﬁeld et al. 2011). Individuals
rarely use a single dispersal route (Be ´lisle 2005; Driezen
et al. 2007; Pinto and Keitt 2009). Instead, numerous
alternate, but nearly equally-optimal pathways may be
employed by a species when available. The existence of
multiple pathways suggests that opportunities for move-
ment and gene ﬂow among locations should be more
commonplace, especially in taxa that have comparatively
high dispersal abilities or those that can engage in stepping-
stone dispersal processes. However, in our case, the mea-
sure of connection redundancy used in this study may
instead reﬂect the relative availability of suitable habitat
for a given species between locations, which in turn may be
associated with population sizes or densities of individuals.
In regions where sampling locations are connected by only
a few redundant pathways, the efﬁcacy of genetic drift and
its tendency to cause genetic differentiation may be pro-
nounced if local population sizes are relatively small due to
the inﬂuence of inhospitable habitat. This hypothesis is
particularly tenable in our case, as our data suggest that
genetic drift is an important overall factor that inﬂuences
genetic structure in Pfrimer’s parakeet. As evidence, the
presence highly variable pairwise genetic differentiation
values (Table 2), but no correlation between genetic and
geographic distance (Table 3), corresponds to the low gene
ﬂow/high genetic drift scenario identiﬁed in the framework
of Hutchison and Templeton (1999).
Our analyses suggested that connection redundancy as
quantiﬁed by Rresid is more closely associated with genetic
structure patterns than RMcRae. RMcRae is based on two
estimated quantities: the resistance distance and the least-
cost path distance for a pair of populations (McRae et al.
2008). Consequently, error in the estimation of these two
values may be compounded when they are combined in
ratio form and yield a quantity with a relatively large
Table 3 Correlations between habitat connectivity measures and pairwise genetic differentiation statistics
Connectivity measure D FST/(1 - FST)
r Rank P value r Rank P value
Rresid (1977) 0.721 1 0.006 0.741 1 0.001
Rresid (2008) 0.556 2 0.096 0.562 2 0.101
Rresid (1993–94) 0.510 3 0.074 0.482 3 0.082
Path complexity (1993–94) 0.459 4 0.118 0.448 4 0.122
Path complexity (2008) 0.414 5 0.156 0.408 5 0.169
Resistance distance (2008) 0.350 6 0.103 0.333 6 0.122
Resistance distance (1977) 0.325 7 0.121 0.310 7 0.156
Resistance distance (1993–1994) 0.247 8 0.131 0.277 8 0.172
Path complexity (1977) 0.241 9 0.199 0.211 11 0.219
RMcRae (1977) -0.201 10 0.289 -0.239 9 0.242
RMcRae (2008) -0.160 11 0.328 -0.212 10 0.281
RMcRae(1993–94) -0.094 12 0.424 -0.127 12 0.375
Least-cost path length (2008) 0.073 13 0.39 0.046 13 0.403
Least-cost path length (1993–94) 0.036 14 0.44 0.009 14 0.456
Least-cost path length (1977) 0.018 15 0.456 -0.006 15 0.528
Geographic distance 0.003 16 0.474 -0.023 16 0.507
Log geographic distance -0.013 17 0.522 -0.054 17 0.454
Analyses are ranked based on the magnitude of the correlation coefﬁcients (r) and the support they provide for the listed connectivity measures.
P values associated with each correlation coefﬁcient are also provided. Rresid and RMcRae correspond to two measures of connectivity redundancy
described in the ‘‘Methods’’ section
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(the resistance distance). The second component (geo-
graphic distance) can be rigorously determined. Further-
more, Rresid relies on use of residuals from comparison of
point values to a regression model that effectively encap-
sulates averages of all data points (Fig. 2). Combined,
these attributes indicate that Rresid can provide more precise
estimates of connection redundancy than RMcRae.
Use of empirically derived conductance surfaces
Our statistical analyses were based on empirically derived
conductance surfaces that were parameterized using
information about locations of dry forest fragments (Fig. 1)
and the behavior of Pfrimer’s Parakeet in forested and non-
forested areas (Appendix II in Electronic Supplementary
Material). Despite their conceptual rigor, empirically
derived conductance or resistance surfaces have not been
commonly used for landscape genetic analyses (Spear et al.
2010). Instead, expert opinion models have been employed
in most cases, likely due to the difﬁculty associated with
obtaining rigorous ﬁeld data on many species (Spear et al.
2010). Previously, Bianchi (2010) used radio-telemetry
data to determine that Pfrimer’s Parakeet rarely ﬂies farther
than 300 m from any given forest fragment. When moving
between forest fragments, it was also observed that birds
followed paths that provided greatest forest cover. Barring
existence of extensive presence/absence information on the
species, these behavioral data likely represent the most
rigorous source of information to use in conjunction with
our analyses at this time. The fact that our derived variable
(Rresid) was so closely associated with genetic structure
patterns (Table 3) lends further credence to the validity of
both the quantitative methods employed here and the
inferences that have been made.
Conservation relevance
Comparatively few landscape genetics investigations have
been conducted using birds as focal species (Haig et al.
2011; but see Braunisch et al. 2010, Lindsay et al. 2008,
and Pavlacky et al. 2009 as examples of exceptions). Most
bird species are adapted for ﬂight and may have the ability
to rapidly circumvent or traverse inhospitable habitats that
may otherwise disrupt gene ﬂow and inter-population
movements. Superﬁcially, this attribute suggests that birds
Fig. 3 Current maps of the Parana ˜ River Basin reﬂecting overall
connectivity of six Pfrimer’s Parakeet sampling locations based on
forest fragmentation data from three time points (Fig. 1). Lighter
pixels reﬂect greater current densities. Least cost path routes (thick
black lines) between locations are overlaid on the current maps that
were derived from Circuitscape analyses
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123are poor candidates for conducting meaningful landscape
genetic investigations. However, latitudinal variation in
ﬂight ability exists among bird species, with taxa breeding
in more equatorial locales generally demonstrating reduced
vagility and greater adaptation to the forest interior (Janzen
1967; Moore et al. 2008; Newton 2003; Wallace 1889).
Consequently, tropical bird species may be suitable can-
didates for landscape genetic investigations (Haig et al.
2011), as evidenced by the results of this study. Given
pronounced deforestation rates in many equatorial regions,
landscape genetic investigations will undoubtedly provide
important baseline information on the current status of
avian populations, and likewise help provide key insights
into the habitat types and movement corridors required to
maintain population connectivity in the future.
A major implication of landscape genetic investigations
involves the ability to better understand how future chan-
ges across landscapes may impact genetic differentiation
and organismal movement (Spear et al. 2010). However,
most landscape genetics investigations are only able to use
information on current landscape conﬁguration and status.
The dates of important past environmental perturbations
may be difﬁcult to unambiguously determine, especially in
complex landscapes. Such limitations are important, pri-
marily because temporal lags are expected to occur
between the time point when a landscape is disturbed and
the time point where the effect of the disturbance can be
detected with genetic data (Landguth et al. 2010; Safner
et al. 2011). If the effects of landscape alterations are not
detected using genetic data, researchers may be unable to
determine if (1) the disturbance actually had no effect on a
given species, or (2) insufﬁcient time has elapsed for the
effects of the disturbance to become detectable (Cushman
et al. 2006).
In this investigation, our analyses were aided by the
availability of a 35-year time series of forest fragmentation
data and deforestation trends (Fig. 1). Based on our anal-
yses, current genetic structure patterns are most closely
associated with connection redundancy patterns from 1977
(Table 3). This ﬁnding is noteworthy, as most deforestation
in the Parana ˜ River Basin began in the 1970s due to gov-
ernment incentives to develop in the region (Espı ´rito-Santo
et al. 2009). We cannot rule out, however, the possibility
that the genetic structure patterns currently observed in
Pfrimer’s parakeet reﬂect even older periods of time before
intensive deforestation began. Nonetheless, if our analyses
had relied only upon recent forest fragmentation data (i.e.,
1993–1994 or 2008), we would have not been able to
convincingly determine if forest fragmentation had no
effect or if temporal lags were diminishing our ability to
identify signiﬁcant patterns. Given our use of reliable
historical data, our analyses appear to indicate that con-
temporary genetic structure patterns in Pfrimer’s Parakeet
are lagging behind the substantial deforestation that has
occurred within the region (Fig. 1). Even if all deforesta-
tion activity ceased in the future, we would therefore still
expect for genetic structure patterns to become more pro-
nounced in the future until they become coincident with
current forest fragmentation patterns. However, deforesta-
tion rates are not decreasing within the region, and at the
current rate, it is predicted that the dry forests of the Parana ˜
River Basin will be eliminated save for a few extremely
isolated fragments within the next few decades (Bianchi
2010). In all likelihood, this scenario will place Pfrimer’s
parakeet under strong extinction pressure both from (1) a
landscape and habitat perspective and (2) from a genetics
perspective, as the rate of genetic drift, inbreeding, and loss
of diversity among population will likely tend to increase
and accelerate over time.
Acknowledgments Fieldwork ﬁnancial support was provided by
USGS Forest and Rangeland Ecosystem Science Center, Fundac ¸a ˜oO
Botica ´rio de Protec ¸a ˜oa ` Natureza, Cleveland Metroparks Zoo (Scott
Neotropical Fund), Parrots International, Canadian Parrot Sympo-
sium, Pesquisa e Conservac ¸a ˜o do Cerrado (PEQUI), and Paciﬁc
Islands Conservation Research Association. We thank A. Portella and
F. Bianchi for ﬁeld assistance. We further thank T. Jennings,
B. Knaus, and R. Cronn for their laboratory and bioinformatic
assistance with the identiﬁcation of microsatellite loci used in this
investigation. A. Vandergast, C. Epps, B. McRae, and two anonymous
reviewers provided helpful comments on analysis results and prior
manuscript drafts. CAB was supported by a CAPES/Fulbright doc-
toral scholarship (15053166/201604-4). Any use of trade, product, or
ﬁrm names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.
References
Balkenhol N, Gugerli F, Cushman SA, Waits LP, Coulon A, Arntzen
JW, Holderegger R, Wagner HH (2009) Identifying future
research needs in landscape genetics: where to from here?
Landsc Ecol 24:455–463
Be ´lisle M (2005) Measuring landscape connectivity: the challenge of
behavioral landscape ecology. Ecology 86:1988–1995
Bianchi CA (2008) Tiriba de Pfrimer Pyrrhura pfrimeri. In: Silveira
L, Straube F (eds) Livro Vermelho da Fauna Brasileira.
Fundacao Biodiversitas, Belo Horizonte, pp 483–484
Bianchi CA (2010) Rapid endangered species assessment: a novel
approach to improve extinction risk assessments in poorly
known species. Oregon State University, Dissertation
Bianchi CA, Haig SM (2012) Deforestation trends of tropical dry
forests in central Brazil. Biotropica. doi:10.1111/btp.12010
BirdLife International (2008) Species factsheet: Pyrrhura pfrimeri.
http://www.birdlife.org/datazone/speciesfactsheet.php?id=32205
. Accessed 31 Jan 2010
Bohonak AJ (1999) Dispersal, gene ﬂow, and population structure.
Q Rev Biol 74:21–45
Bonnet E, Van de Peer Y (2002) zt: a software tool for simple and
partial Mantel tests. J Stat Softw 7:10
Bossart JL, Prowell DP (1998) Genetic estimates of population
structure and gene ﬂow: limitations, lessons, and new directions.
Trends Ecol Evol 13:202–206
Conserv Genet (2013) 14:333–343 341
123Braunisch V, Segelbacher G, Hirzel AH (2010) Modeling functional
landscape connectivity from genetic population structure: a new
spatially explicit approach. Mol Ecol 19:3664–3678
Cushman SA, McKelvey KS, Hayden J, Schwartz MK (2006) Gene
ﬂow in complex landscapes: testing multiple hypotheses with
causal modeling. Am Nat 168:486–499
Douglas DH (1994) Least-cost path in GIS using an accumulated cost
surface and slopelines. Cartographica 31:37–51
Draheim HM, Miller MP, Baird P, Haig SM (2010) Subspeciﬁc status
and population genetic structure of Least Terns (Sternula
antillarum) inferred by mitochondrial DNA control-region
sequences and microsatellite DNA. Auk 127:807–819
Driezen K, Adriaensen F, Rondinini C, Doncaster CP, Matthysen E
(2007) Evaluating least-cost model predictions with empirical
dispersal data: a case-study using radiotracking data of hedge-
hogs (Erinaceus europaeus). Ecol Model 209:314–322
Dunham JB, Vinyard GL, Rieman BE (1997) Habitat fragmentation
and extinction risk of Lahontan cutthroat trout. N Am J Fish
Manage 17:1126–1133
Espı ´rito-Santo MRM, Fagundes M, Sevilha AC, Scariot A, Azofeifa
G, Noronha SE, Fernandes GW (2008) Florestas estacionais
deciduais brasileiras: distribuic ¸a ˜o e estado de conservac ¸a ˜o. MG
Biota 1:5–13
Espı ´rito-Santo M, Sevilha AC, Anaya FC, Barbosa R, Fernandes GW,
Sanchez-Azofeifa GA, Scariot A, de Noronha SE, Sampaio CA
(2009) Sustainability of tropical dry forests: two case studies in
southeastern and central Brazil. For Ecol Manag 258:922–930
Etherington TR (2011) Python based GIS tools for landscape
genetics: visualizing genetic relatedness and measuring land-
scape connectivity. Methods Ecol Evol 2:52–55
Excofﬁer L, Lischer HEL (2010) Arlequin suite ver 3.5: a new series
of programs to perform population genetics analyses under
Linux and Windows. Mol Ecol Resour 10:564–567
Haig SM, Rhymer JM, Heckel DG (1994) Population differentiation
in randomly ampliﬁed polymorphic DNA of red-cockaded
woodpeckers. Mol Ecol 3:581–595
Haig SM, Bronaugh WM, Crowhurst RS, D’Elia J, Eagles-Smith CA,
Epps CW, Knaus B, Miller MP, Moses ML, Oyler-McCance S,
Robinson WD, Sidlauskas B (2011) Genetic applications in
avian conservation. Auk 128:205–229
Hamrick JL, Godt MJW (1996) Effects of life history traits on genetic
diversityinplantspecies.PhilosTransRSocLondB351:1291–1298
Hedrick PW (2005) A standardized genetic differentiation measure.
Evolution 59:1633–1638
Hutchison DW, Templeton AR (1999) Correlation of pairwise genetic
and geographic distance measures: inferring the relative inﬂu-
ences of gene ﬂow and drift on the distribution of pairwise
genetic variability. Evolution 53:1898–1914
Janzen DH (1967) Why mountain passes are higher in the tropics. Am
Nat 101:233–249
Janzen DH (1988) Tropical dry forest: the most endangered major
tropical ecosystem. In: Wilson EO (ed) Biodiversity. National
Academies Press, Washington, DC, pp 130–137
Jennings TN, Knaus BJ, Mullins TD, Haig SM (2011) Multiplexed
microsatellite recovery using massively parallel sequencing. Mol
Ecol Resour 11:1060–1067
Jost L (2008) GST and its relatives do not measure differentiation. Mol
Ecol 17:4015–4026
Kalinowski ST (2005) HP-Rare. A computer program for performing
rarefaction on measures of allelic diversity. Mol Ecol Notes
5:187–189
Keyghobadi N (2007) The genetic implications of habitat fragmen-
tation for animals. Can J Zool 85:1049–1064
Klink CA, Machado RB (2005) Conservation of the Brazilian
Cerrado. Conserv Biol 19:707–713
Landguth EL, Cushman SA, Schwartz MK, McKelvey KS, MurphyM,
Luikart G (2010) Quantifying the lag time to detect barriers in
landscape genetics. Mol Ecol 19:4179–4191
Lee-Yaw JA, Davidson A, McRae BH, Green DM (2009) Do
landscape processes predict phylogeographic patterns in the
wood frog? Mol Ecol 18:1863–1874
Lewis P, Zaykin D (2002) GDA: genetic data analysis. http://hydro
dictyon.eeb.uconn.edu/people/plewis/software.php. Accessed 7
April 2011
Lindenmayer DB, Fisher J (2006) Habitat fragmentation and
landscape change: an ecological and conservation synthesis.
Island Press, Washington DC
Lindsay DL, Barr KR, Lance RF, Tweddale SA, Hayden TJ, Leberg
PL (2008) Habitat fragmentation and genetic diversity of an
endangered, migratory songbird, the Golden-cheeked Warbler
(Dendroica chrysoparia). Mol Ecol 17:2122–2133
Loveless MD, Hamrick JL (1984) Ecological determinants of genetic
structure in plant populations. Annu Rev Ecol Syst 15:65–95
Lowe AJ, Boshier D, Ward M, Bacles CFE, Navarro C (2005)
Genetic resource impacts of habitat loss and degradation;
reconciling empirical evidence and predicted theory for neo-
tropical trees. Heredity 95:255–273
Machado RB, Ramos Neto MB, Pereira PGP, Caldas EF, Gonc ¸alves
DA, Santos NS, Tabor K, Steininger M (2004) Estimativas de
perda da a ´rea do Cerrado brasileiro. Relato ´rio te ´cnico na ˜o
publicado, Conservac ¸a ˜o Internacional, Brası ´lia, DF
Manel S, Schwartz MK, Luikart G, Taberlet P (2003) Landscape
genetics: combining landscape ecology and population genetics.
Trends Ecol Evol 18:189–197
Mantel N (1967) The detection of disease clustering and a generalized
regression approach. Cancer Res 27:209–220
McRae BH (2006) Isolation by resistance. Evolution 60:1551–1561
McRae BH, Beier P (2007) Circuit theory predicts gene ﬂow in plant
and animal populations. Proc Natl Acad Sci USA 104:
19885–19890
McRae BH, Dickson BG, Keitt T, Shah VB (2008) Using circuit
theory to model connectivity in ecology, evolution, and conser-
vation. Ecology 89:2712–2724
Melnick DJ (1987) The genetic consequences of primate social
organization: a review of macaques, baboons, and velvet
monkeys. Genetica 73:117–135
Mills LS, Allendorf FW (1996) The one-migrant-per-generation rule
in conservation and management. Conserv Biol 10:1509–1518
Ministerio do Meio Ambiente (2003) Lista das Espe ´cies da Fauna
Brasileira Ameac ¸adas de Extinc ¸a ˜o. Instrucao Normativa n.3 de
27 de maio de 2003
Moore RP, Robinson WD, Lovette IJ, Robinson TR (2008) Exper-
imental evidence for extreme dispersal limitation in tropical
forest birds. Ecol Lett 11:960–968
Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J
(2000) Biodiversity hotspots for conservation priorities. Nature
403:853–858
Newman D, Tallmon DA (2001) Experimental evidence for beneﬁcial
ﬁtness effects of gene ﬂow in recently isolated populations.
Conserv Biol 15:1054–1063
Newton I (2003) Geographical patterns in bird migration. In: Berthold
P, Gwinner E, Sonnenschein E (eds) Avian migration. Springer,
Berlin, pp 211–224
Noss RF, Csuti B (1997) Habitat fragmentation. In: Meffe GK, Carrol
CR (eds) Principles of conservation biology, 2nd edn. Sinauer
Associates, Inc., Sunderland, MA, pp 269–304
Olmos F, Martuscelli P, Silva RS (1997) Distribution and dry-season
ecology of Pfrimer’s conure Pyrrhura pfrimeri, with a reap-
praisal of Brazilian ‘‘Pyrrhura leucotis’’. Ornitol Neotrop 8:
121–132
342 Conserv Genet (2013) 14:333–343
123Pavlacky DC Jr, Goldizen AW, Prentis PJ, Nichols JA, Lowe AJ
(2009) A landscape genetics approach for quantifying the
relative inﬂuence of historic and contemporary habitat hetero-
geneity on the genetic connectivity of a rainforest bird. Mol Ecol
18:2945–2960
Pinto N, Keitt TH (2009) Beyond the least-cost path: evaluating
corridor redundancy using a graph-theoretic approach. Landsc
Ecol 24:253–266
Rayﬁeld B, Fortin M-J, Fall A (2011) Connectivity for conservation: a
framework mo classify network measures. Ecology 92:847–858
Reed DH (2004) Extinction risk in fragmented populations. Anim
Conserv 7:181–191
Reed DH, Frankham R (2003) Correlation between ﬁtness and genetic
diversity. Conserv Biol 17:230–237
RibeiroJF,WalterBMT,SanoSM,AlmeidaSP(1998)Fitoﬁsionomias
do bioma Cerrado. In: Sano SM, de Alemida SP (eds) Cerrado:
ambiente e ﬂora. EMBRAPA-CPAC, Planaltina, pp 89–166
Rousset F (1997) Genetic differentiation and estimation of gene ﬂow
from F-statistics under isolation by distance. Genetics 145:
1219–1228
Russello MA, Saranathan V, Buhrman-Deever S, Eberhard J,
Caccone A (2007) Characterization of polymorphic microsatel-
lite loci for the invasive monk parakeet (Myiopsitta monachus).
Mol Ecol Notes 7:990–992
Safner T, Miller MP, McRae BH, Fortin M-J, Manel S (2011)
Comparison of Bayesian clustering and edge detection methods
for inferring boundaries in landscape genetics. Int J Mol Sci
12:865–889
Sanchez-Azofeifa GA, Quesada M, Rodriguez JP, Nassar JM, Stoner
KE, Castillo A, Garvin T, Zent EL, Calvo-Alvarado JC,
Kalacska MER, Fajardo L, Gamon JA, Cuevas-Reyes P (2005)
Research priorities for neotropical dry forests. Biotropica
37:477–485
Scariot AO, Sevilha AC (2005) Biodiversidade, Estrutura e Conser-
vacao da Florestas Estacionais Deciduais no Cerrado. In: Scariot
AO, Souza-Silva JC, Felﬁli JM (eds) Cerrado: ecologia.
Biodiversidade e Conservacao, MMA, Brasilia, DF, pp 121–139
Shah V, McRae BH (2008) Circuitscape: a tool for landscape
ecology. In: Varoquaux G, Vaught T, Millmanm J (eds)
Proceedings of the 7th Python in Science Conference (SciPy).
Pasadena, California, pp 62–66
Silva J (1997) Endemic bird species and conservation in the Cerrado
region, South America. Biodivers Conserv 6:435–450
Spear SF, Balkenhol N, Fortin M-J, McCrae B-H, Scribner K (2010)
Use of resistance surfaces for landscape genetic studies:
considerations for parameterization and analysis. Mol Ecol
19:3576–3591
StorferA,MurphyMA,EvansJS,GoldbergCS,RobinsonS,SpearSF,
Dezzani R, Delmelle E, Vierling L, Waits LP (2007) Putting the
‘landscape’ in landscape genetics. Heredity 98:128–142
Van Dongten S, Backeljau T, Matthysen E, Dhondt AA (1997)
Genetic population structure of the winter moth (Operophtera
brumata L.) (Lepidoptera, Geometridae) in a fragmented land-
scape. Heredity 80:92–100
Wallace AR (1889) A narrative of travels on the Amazon and Rio
Negro: with an account of the native tribes, and observations of
the climate, geology and natural history of the Amazon Valley,
2nd edn. Ward, Lock and Company, London, 363 pp
Weir BS, Cockerham CC (1984) Estimating F-statistics for the
analysis of population structure. Evolution 38:1358–1370
Westemeier RL, Brawn JD, Simpson SA, Esker TL, Jansen RW,
Walk JW, Kershner EL, Bouzat JL, Page KN (1998) Tracking
the long-term decline and recovery of an isolated population.
Science 282:1695–1698
Whitlock MC (2005) Combining probability from independent tests:
the weighted Z-method is superior to Fisher’s approach. J Evol
Biol 18:1368–1373
Young A, Boyle T, Brown T (1996) The population genetic
consequences of habitat fragmentation for plants. Trends Ecol
Evol 11:413–418
Conserv Genet (2013) 14:333–343 343
123